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a  b  s  t  r  a  c  t
Aim:  Immediate  delivery  of  oxygen  is the  most  important  treatment  for victims  of drowning  at  the  rescue
site.  Monitoring  oxygen  saturation  with  pulse  oximetry  is potentially  useful,  but  its  use  may  be  limited
by  poor  peripheral  perfusion  due  to  hypothermia.  This  preliminary  study  explores  the  feasibility  of  pulse
oximetry  in  simulated  minor  drowning  scenarios.
Materials and  methods:  Six  different  pulse  oximeters  were  tested  on ten  healthy  volunteers  after  brief
submersion,  after  ten  minutes  of  swimming  in  a swimming  pool  (warm  water,  temperature  21 ◦C),  and
in  the  sea  (cold water,  temperature  16 ◦C). A  measured  oxygen  saturation  reading  ≤94%  was  assumed  to
be  incorrect.
Results:  There  was  considerable  variability  between  each  pulse  oximeter.  In  warm  water,  5.8% of  mea-
surements  were  outside  the  predicted  range  (8.3%  after  submersion,  3.3%  after swimming),  compared  to
34%  in  cold  water  (20%  after  submersion,  48% after  swimming).  The  spurious  measurements  came  from
two  pulse  oximeters  in  warm  water,  but  from  all six  in  cold  water.  The  best  and  worst  performing  pulse
oximeters  showed  5% and  33% measurements  respectively  outside  the  predicted  range.
Conclusion: The  performance  of pulse  oximeters  varies  considerably  in healthy  volunteers  submersed  or
immersed  in  warm  or cold  water.  Further  studies  are  needed  to understand  these  differences.
© 2011 Elsevier Ireland Ltd. Open access under the Elsevier OA license.. Introduction
Drowning remains a common cause of accidental death.1–3
any victims of drowning suffer from hypoxia, which should be
reated with oxygen as soon as possible.4–6 Delivery of oxygen by
ifeguards is therefore becoming a popular on beaches, in swim-
ing pools and on rescue boats.7,8 Pulse oximetry is potentially
seful in this setting to detect hypoxaemia, to monitor the effects
f oxygen therapy, and to avoid the possible adverse effects of
yperoxia.7,9,10 Poor peripheral perfusion can make pulse oxime-
er readings inaccurate.11–14 In drowning victims, hypothermia
auses poor peripheral perfusion and therefore the value of pulse
ximeters in drowning victims is unknown. This preliminary study
ssesses the ability of different pulse oximeters to measure oxygen
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n  the ﬁnal online version at doi:10.1016/j.resuscitation.2011.04.019.
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Open access under the Elsevier OA license.saturation in healthy volunteers after brief submersion or 10 min
immersion, in warm and cold water.
2. Methods
2.1. Pulse oximeters
Thirteen medical equipment distributors were invited to pro-
vide pulse oximeters free of charge. Four distributors provided six
portable pulse oximeters: Nonin Onyx and PalmSat (Nonin Medi-
cal Inc., Plymouth, USA), Nellcor N-65 (Covidien-Nellcor, Boulder,
USA), GE TuffSat (GE Healthcare, Waukesha, USA), PM-60 (Mindray
Medical, Nanshan, China), and LifePak 20 (Medtronic, Minneapolis,
USA).
2.2. SubjectsTen volunteer lifeguards meeting the following criteria were
recruited from local services: male, age 18–40 years, with a recent
health assessment certiﬁcate, ASA I, not extremely dark or pale
skinned, and a non-smoker. All participants gave written informed




















































Baseline characteristics and measurements.
Characteristics Mean (SD)
Age (years) 22.1 (3.2)
BMI  (kg m−2) 22.6 (1.6)236 L.J. Montenij et al. / Resu
onsent. The study was approved by the VU University Medical
entre ethics board.
.3.  Baseline characteristics and measurements
The body mass index (BMI) of volunteers was determined by
easuring the height and weight. The second, third and fourth
ngers (digits II–IV) of both hands were used to measure oxygen
aturation with all 6 pulse oximeters simultaneously. To rule out
ias caused by differences between the volunteers or pulse oxime-
ers, oxygen saturation was  measured with all 6 pulse oximeters on
he second ﬁnger (digit II) of the right hand in all volunteers under
ormal circumstances (at rest, in normal clothing at room tem-
erature). In addition, oxygen saturation was measured on digits
I–IV of both hands with each pulse oximeter to rule out differ-
nces between the ﬁngers. Blood pressure was also measured on
oth arms to rule out perfusion differences.
.4. Setting and test situations
The  pulse oximeters were tested at two locations in the city
f Vlissingen, the Netherlands, on the same day. The ﬁrst location
as a covered swimming pool with warm water (water temper-
ture 21 ◦C, air temperature 25 ◦C). The second location was  a sea
arbour with relatively cold water (water temperature 16 ◦C, air
emperature 19 ◦C). There was a two-h scheduled break between
he swimming pool and sea tests. The pulse oximeters were ﬁt-
ed with new batteries after the pool tests. At both locations there
ere two sets of tests. In the ﬁrst test, each volunteer jumped in
he water, taking care to be completely submerged, turned around
mmediately and rested both hands on a soft surface out of the
ater. In the second test, the volunteer swam at low speed for
en minutes, and then put both hands on the surface. Whilst the
olunteer ﬂoated relaxed in the water, both hands were dried off.
he six pulse oximeters were then simultaneously, and in a stan-
ardized procedure, attached to digits II–IV of both hands, and the
xygen saturation readings were recorded when a stable reading
as achieved.
.5.  Safety measures
Lifeguards often enter swimming pools and seas under circum-
tances similar to those in our study. Despite this, safety measures
ere taken. Anesthesiologists, EMS-paramedics and additional life-
uards were present. Standard EMS  equipment was  available in the
wimming pool and in the harbour. During the tests in the harbour
 rescue boat was present.
.6.  Data analysis
Previous studies show that baseline oxygen saturation measure-
ents during immersion, non-strenuous swimming or exercise
re between 95% and 100% in healthy individuals.15,16 Based on
hese ﬁndings, we have assumed that the oxygen saturation in
ur volunteers will not fall below 95%. An oxygen saturation ≤94%
as therefore considered to be less than the predicted arterial
xygen saturation. The number of pulse oximetry measurements
94% for each pulse oximeter per test was determined. In addi-
ion, the variation in readings between the pulse oximeters was
ssessed. Baseline data have been checked for normal distribution
y Kolomogorov–Smirnov test. Further analysis of the results is
escriptive.Blood  pressure, right arm (mm Hg) 123/69 (10.6/8.4)
Blood  pressure, left arm (mm  Hg) 124/70 (8.4/8.4)
3. Results
3.1. Baseline characteristics and measurements
The mean values and standard deviations of age, body mass
index (BMI) and blood pressure measurements of the ten vol-
unteers are presented in Table 1. The measured baseline oxygen
saturation under normal conditions was 96–100% in all volunteers,
except for two  measurements of 94% by the Nonin PalmSat. No
volunteer had differences between digits II–IV of both hands.
3.2.  Test situations
Fig.  1 shows all oxygen saturation measurements in the differ-
ent test situations, with the 94% measured oxygen saturation cut
off point. Measurements of 70% or lower are shown as ≤70%. In
warm water of 21 ◦C, 5/60 (8.3%) of measurements were less than
predicted after brief submersion, compared to 2/60 (3.3%) after
10 min swimming. In cold water of 16 ◦C, 12/60 (20%) and 29/60
(48%) respectively were less than predicted. Over all test situations,
the LifePak 20 performed the best with only 2/40 (5%) spurious
measurements and the Nonin PalmSat the worst with 13/40 (33%)
spurious measurements.
There  was  a large disparity in readings outside the predicted
range. After swimming in cold water, the Nellcor N-65 did not dis-
play any value in 7 volunteers, depicted as “7 no readings” on the
≤70% line (Fig. 1). All of the other oxygen saturation values obtained
with this pulse oximeter in cold water swimming were 100%. The
other pulse oximeters also gave less than predicted oxygen satura-
tions with cold water swimming: the Lifepak 20 between 64% and
78%; the PM-60 between 36% and 93%; the Nonin Onyx between
54% and 94%; the GE TuffSat between 80% and 90%; and the Nonin
PalmSat between 80% and 93%.
4. Discussion
In this preliminary study, pulse oximetry did not reliably
measure oxygen saturations in healthy individuals after brief sub-
mersion and after swimming in either warm or cold water. In
relatively warm swimming pool water, four pulse oximeters did not
fail, but in outdoor cold water all pulse oximeters failed. There was
also considerable variability between different pulse oximeters. In
actual drowning scenarios, with a lower water temperature, or pro-
longed time in the water, or a non-healthy victim, pulse oximetry
measurements may  be even more inaccurate. Software, intensity
of the light source or ﬁtting of the ﬁnger clips may  be responsible
for this.
Oxygen is a key early treatment for the resuscitation of drown-
ing victims.7 The detection of hypoxaemia and monitoring of
oxygen therapy may  however be difﬁcult. The routine admin-
istration of 100% inspired oxygen is potentially harmful during
resuscitation of drowning victims if hyperoxia occurs.7,9,10 Over
the last few decades, professional and volunteer lifeguards and
rescue boat crews have been increasingly equipped with oxygen
delivery devices. Studies related to extremes in aquatic sports and
diving physiology have used pulse oximetry successfully to obtain
data on arterial oxygen saturation.15–18 These studies show that,



























fig. 1. Line plots for all pulse oximeters, showing all oxygen saturation values 
easurements  of 70% or less are gathered in “≤70”.
hen well prepared, pulse oximetry can be applied in the aquatic
nvironment. Our study in more common drowning situations sug-
ests that pulse oximeters should not be routinely used to measure
xygen saturation in this setting during initial resuscitation.
Our  study has several limitations. First of all, we  did not mea-
ure the actual arterial oxygen saturation from an arterial blood
ample using co-oximetry. We  assumed any pulse oximetry read-
ng of ≤94% was inaccurate as the oxygen saturation of our study
articipants was very likely to remain above 94%. Studies dealing
ith sports training and exercise in water conﬁrm this.15,16 The
echnical and ethical issues involved to undertake blood sampling
nd measurement were beyond the scope of this preliminary study.
oreover, the aim of the present study was to explore whether a
ore complex study is needed. During the experiments, there was
 large amount of variability between the pulse oximeters. This
ariability conﬁrms the conclusion that pulse oximeters are not
et suitable for use in the initial resuscitation of drowning victims.
nother limitation is that number of pulse oximeters, volunteers,
nd measurements was small. The test situations were realistic, and
imilar to circumstances that are present during actual drowning
escues. The resources present in this setting were limited. A more
rtiﬁcial study design could have led to more robust data, but this
as not the aim of this real-life study.
The intention of this preliminary study was  to obtain informa-
ion and experience whether using pulse oximetry in drowning
ould be worthwhile and feasible. Our tests do not provide the
ull answer. Our results suggest that currently available pulses) per test situation (x-axis), with 94% cut off value of spurious measurements.
oximeters have  no added value for the initial diagnosis and treat-
ment of hypoxia in drowning victims.
5. Conclusion
The performance of pulse oximeters varies considerably in
healthy volunteers submersed or immersed in warm or cold water.
Further studies are needed to understand these differences.
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